Field cancerization predisposes the upper aerodigestive tract mucosa to the formation of multiple primary tumors, when exposed to environmental carcinogens. Up-regulation of epidermal growth factor receptor occurs early in squamous cell carcinogenesis and is critical for the loss of growth control in a variety of human cancers, including head and neck squamous cell carcinomas. In these tumor cells in culture, epidermal growth factor receptor stimulation initiates signaling via persistent activation of selective STAT proteins. To determine the timing of Stat3 activation in head and neck carcinogenesis, we studied the expression and constitutive activation of Stat3 in tumors and normal mucosa from patients with head and neck cancer compared with mucosa from controls without cancer. Stat3 was up-regulated and constitutively activated in both primary human head and neck tumors as well as in normal mucosa from these cancer patients compared with control normal mucosa from patients without cancer. In vivo liposome-mediated gene therapy with a Stat3 antisense plasmid efficiently inhibited Stat3 activation, increased tumor cell apoptosis, and decreased Bcl-x L expression in a head and neck xenograft model. These findings provide evidence that constitutively activated Stat3 is an early event in head and neck carcinogenesis that contributes to the loss of growth control by an anti-apoptotic mechanism.
S
quamous cell carcinoma of the head and neck (SCCHN) is an epithelial malignancy affecting the mucosa of the upper aerodigestive tract. ''Field cancerization'' was originally proposed to describe the diffuse effects on the tissues as a result of exposure to environmental carcinogens such as tobacco and alcohol (1) . A generalized mucosal diathesis is supported in SCCHN by the high incidence of second primary tumors of the upper aerodigestive tract that characterizes these patients (2) . If patients are cured of their primary SCCHN, they will most likely die of a second aerodigestive tract cancer. SCCHN patients who develop a second cancer have only a 25% 5-year survival rate (3) . The critical signaling pathways that regulate SCCHN proliferation and͞or apoptosis are incompletely understood.
Overexpression of type ␣ transforming growth factor (TGF-␣) and its receptor, the epidermal growth factor receptor (EGFR), have been demonstrated in transformed squamous epithelium and premalignant dysplasias as well as in normal mucosa from cancer patients compared with levels in normal mucosa from patients without cancer, suggesting that activation of TGF-␣͞EGFR autocrine growth is an early event in head and neck tumorigenesis (4) (5) (6) . This increased expression of TGF-␣ and EGFR mRNA and protein is primarily caused by activated gene transcription (as opposed to increased gene copy number or prolonged mRNA half life) (7) . It is well established that TGF-␣ derived from either autocrine or paracrine sources plays an essential role in the malignant transformation and progression of SCCHN by regulating the growth and survival of head and neck tumor cells (8) (9) (10) . TGF-␣ induces intracellular signaling through stimulation of EGFR, which contains a cytoplasmic domain with intrinsic protein tyrosine kinase activity. In response to ligand, EGFRs dimerize and become phosphorylated on multiple tyrosine residues. These phosphotyrosines, in turn, allow the activated receptor to recruit STATs (signal transducers and activators of transcription) to tyrosines Y1068 and Y1086 (11) . Direct interaction between STAT protein src-homology 2 domains and the activated receptor leads to STAT phosphorylation followed by dimerization and translocation to the nucleus. In the nucleus, STATs bind to DNA-response elements in promoters, thus regulating growth factor͞cytokine-directed gene expression (12) (13) (14) (15) (16) (17) .
To date, seven STATs have been identified: STAT1, -2, -3, -4, -5A, -5B, and -6. Stat5A and Stat5B are encoded by distinct genes whereas STAT1 and STAT3 exhibit two isoforms each, resulting from alternative splicing (Stat1 ␣͞␤ and Stat3 ␣͞␤). An emerging literature suggests that STAT signaling may play a critical role in cancer formation and progression [for review, see the work by Garcia and Jove (18) ]. There is constitutively elevated tyrosine phosphorylation and DNA-binding activity of Stat3 in fibroblasts stably transformed by the Src oncoprotein (19) . Further investigation demonstrated that Stat3 activation is required for Src-mediated oncogenesis in which transformation by v-Src leads to Stat3-specific gene expression (20) (21) . Increased activation of Stat3 has been observed in a variety of human malignancies, including breast cancers and breast cancerderived cell lines compared with benign lesions and normal breast epithelium (22) (23) (24) . In multiple myeloma patients, constitutive Stat3 activation is detected in bone marrow mononuclear cells as well as an IL-6-dependent human myeloma cell line in which Stat3 signaling results in resistance to apoptosis and up-regulation of the anti-apoptotic protein, Bcl-x L (25) .
We previously reported that TGF-␣͞EGFR autocrine signaling is activated early in SCCHN carcinogenesis (1, 2) . Further investigation in our laboratory demonstrated that both TGF-␣ production and EGFR expression by SCCHN cells are linked to constitutive Stat3 activation in vitro. Using antisense oligonucleotides or dominant negative mutants of Stat3, we demonstrated growth inhibition of SCCHN cells (26) . The expression and activation of STAT proteins in premalignant lesions and corresponding human carcinomas has not been studied previously. To elucidate the role of Stat3 activation in head and neck cancer progression, we measured Stat3 expression͞activation levels in tissues from SCCHN patients compared with mucosa from controls without cancer. Further investigation using an antisense gene therapy approach was undertaken to determine the biologic consequences of Stat3 down-modulation in vivo. These results indicate that constitutive Stat3 activation early in head and neck carcinogenesis may enhance tumor progression by blocking tumor cell apoptosis.
Methods
Patients and Tissue Samples. Samples of squamous cell carcinoma and normal mucosa distant from the tumor (generally, several centimeters away) were obtained from 19 patients undergoing primary surgical resection for head and neck cancer at the University of Pittsburgh Medical Center from January, 1997 to June, 1998 (Table 1) . Samples of normal oropharyngeal mucosa were obtained from seven gender-and age-matched (Ϯ5 years) control patients without cancer undergoing non-oncological surgical procedures, such as uvulopalatopharyngoplasty for obstructive sleep apnea syndrome.
Immunoblotting. Whole-cell extracts from patient tissues were mixed with 2ϫ SDS sample buffer (125 mmol͞liter Tris⅐HCl, pH 6.8͞4% SDS͞20% glycerol͞10% 2-mercaptoethanol) at 1:1 ratio and were heated for 5 min at 100°C. Proteins (50 g͞lane) were separated by 12.5% SDS͞PAGE and were transferred onto a nitrocellulose membrane (Micron Separations, Westboro, MA). Prestained molecular weight markers (GIBCO) were included in each gel. Membranes were blocked for 30 min in Tris-buffered saline (TBS) (10 mmol͞liter Tris⅐HCl, pH 7.5͞150 mmol͞liter NaCl) with 0.5% Tween-20 (TBST) and 5% BSA. After blocking, membranes were incubated for 60 min with a Stat3 phosphotyrosine-specific polyclonal Ab (Chemicon), a Bcl-x L mouse anti-human monoclonal antibody (Santa Cruz Biotechnology), or a Bax rabbit polyclonal antibody (Santa Cruz Biotechnology) in TBST and 1% BSA. After washing the membranes three times with TBST (5 min each), they were incubated with horseradish peroxidase-conjugated secondary antibody in TBST and 1% BSA for 30 min. Subsequently, membranes were washed three times with TBST and were developed by using the enhanced chemiluminescence (ECL) detection system (Amersham). Quantitation of the signal for Stat3 or phosphorylated Stat3 was performed by using a Molecular Dynamics Personal Densitometer SI and IMAGEQUANT software (Image Products International, Chantilly, VA). Normalization between blots was accomplished by running aliquots of U937 cell lysates (40 g), a human myeloid leukemia cell line that overexpresses Stat3, on each gel.
Immunohistochemistry. Five-micrometer sections of human tissues, previously snap-frozen in liquid nitrogen, were cut and fixed in cold acetone for 1 min. Slides were stained with a polyclonical rabbit anti-mouse phospho-Stat3 (Tyr705) antibody (New England Biolabs), using a 3% hydrogen peroxide͞ methanol solution as a blocking agent. Slides were incubated at 4°C overnight by using a 1:100 dilution of the primary antibody, then were developed with the LSAB2 kit (Dako).
Electrophoretic Mobility Shift Assay (EMSA).
Whole cell extracts were prepared and EMSAs performed on 4% native polyacrylamide gels as described (27, 28) . Stat3 activation was evaluated by using binding reactions with 20 g of extracted protein, and radiolabeled high-affinity serum inducible element (hSIE) duplex oligonucleotide was used to clone and characterize Stat3 (29) . Quantitation of the Stat3 signal was performed by scanning the SIF-A band using a Molecular Dynamics Personal Densitometer SI and IMAGEQUANT software. Normalization between blots was accomplished by running aliquots of U937 cell lysates (5 g) that demonstrate activation of Stat3 on each gel. Activation of Stat1 and Stat3 may be assessed by determining the presence of DNA-binding activity as manifested by sis-inducible factor (SIF) activity. This is resolved into three different protein-DNA complexes termed SIF-A (representing Stat3 homodimer), SIF-B (representing Stat1͞Stat3 heterodimer), and SIF-C (representing Stat1 homodimer). For supershift experiments, extracts were preincubated with Stat1 polyclonal antibody (C-24; Santa Cruz Biotechnology) or Stat3 polyclonal antibody (C-20, Santa Cruz Biotechnology).
In Situ hSIE Binding Assay. For standard light microscopy of cryostat sections, tissues were lightly fixed in 2% paraformaldehyde, were infused with 30% sucrose overnight, and were frozen in liquid nitrogen-cooled isopentane. Five-micrometer sections were cut on a Microm cryostat, were mounted on polylysine-coated or Superfrost (Fisher) slides, and were labeled. The samples were prepared for hybridization by three 5-min washes in 1ϫ PBS followed by incubation in a solution of 1ϫ PBS containing 0.1 mg͞ml of DNase Rq1. Thereafter, the samples were postfixed in a 1ϫ PBS solution containing 20% paraformaldehyde for 30 min at room temperature followed by three 5-min 1ϫ PBS washes. 35 S-labeled hSIE duplex oligonucleotide (via end-labeling) was then applied to the samples by placing Ϸ100 l of probe onto 25 ϫ 25 mm coverslips and rolling the slides onto the coverslips. The slides were placed into a microscope box containing a moist paper towel and were allowed to incubate for 60 min at 30°C. After hybridization, the samples were washed 3 times in 1ϫ PBS and were subjected to an ethanol dehydration series. After complete drying, the slides were dipped into Kodak NTB-2 (Eastman Kodak) autoradiography emulsion. The dipped slides were air-dried for 4 h, were placed in a light-tight container, and were stored in a 4°C refrigerator for 7 days. At the end of the 7 days, the samples were developed by using D-19 developer for 4 min and Rapid Fix photographic fixer for 4.5 min. The samples were counterstained with toluidine blue and then were coverslipped by using cytoseal mounting media.
Plasmid Construct and Cloning. We modified the original U6 expression plasmid (pGEMmU6, from S. Noonberg, University of California at San Francisco Cancer Research Institute) as described (30) . A 51-nt sense sequence and a 215-nt antisense oligonucleotide sequence corresponding to the translation start site of the human Stat3 cDNA were synthesized and cloned into the modified U6 construct to generate two new plasmids, U6-Stat3-S and U6-Stat3-AS, which were verified by sequence analysis.
In Vivo Tumor Xenograft Studies. The cell line, 1483, is a well described SCCHN cell line derived from a tumor of the retromolar trigone region of the oropharynx (31) 
Results
Stat3 Activation͞Expression in SCCHN Tissues. The concept of ''field cancerization'' or ''condemned mucosa,'' whereby multiple foci of premalignant changes occur in the surrounding histologically normal mucosa adjacent to the tumor as a result of the exposure of the entire epithelium to carcinogenic agents (e.g., tobacco and alcohol), has been postulated to explain the susceptibility of patients with SCCHN to the high incidence of synchronous and metachronous tumors (1, 32) . EMSAs were performed to determine the level of constitutive activation of Stat3 in the tumor and histologically normal mucosa samples from SCCHN patients. Repeated EMSA analysis on a subset of samples was performed, and the variability ranged from 3 to 7%. Activation of Stat3 protein was found to be 10.6-fold higher in tumors and 8.8-fold higher in normal mucosa from cancer patients compared with normal mucosa from non-cancer patients (P ϭ 0.012 and P ϭ 0.018, respectively) ( Fig. 1 A and B; data not shown). The predominant complexes formed were SIF-A (Stat3 homodimers) and SIF-B (Stat3 and Stat1 heterodimers). The SIF-C (Stat1 homodimers) complex was either undetectable or present at very low levels. To verify that the constitutive SIF-A and SIF-B complexes contained Stat3 and Stat1, we performed supershift analysis by using appropriate antisera (Fig. 1C) . A potential pitfall of EMSA analysis using tissue samples is the contribution of ''contaminating'' cells (e.g., stromal cells and inflammatory cells) to the level of Stat3 protein activation detected. To localize the activated Stat3 in tissue sections, [ 35 S]methionine was used to metabolically label the Stat3 DNA binding oligonucleotide duplex (hSIE) as described (33) . An oligonucleotide probe for NF-B was used to control for the specificity of labeling. As demonstrated in Fig. 2 , SCCHN tumors demonstrated elevated levels of activated Stat3 compared with normal epithelium from controls that was primarily concentrated at the tumor͞stromal interface. High power microscopy demonstrated that the cells containing activated Stat3 were epithelial cells and not tumor-infiltrating lymphocytes.
Increased Stat3 activation can occur through several potential mechanisms, including elevated constitutive levels of Stat3 protein and increased Stat3 tyrosine phosphorylation. Normal mucosa samples from both cancer patients and controls were used as comparison groups to determine the potential timing of alterations in Stat3 expression during SCCHN carcinogenesis. To determine whether the increase in constitutive Stat3 activation was associated with increased protein expression, we performed immunoblotting studies using antisera to Stat3. These experiments demonstrated a 2.19-fold increase in Stat3 protein in SCCHN tumors compared with normal mucosa from noncancer patients (P ϭ 0.021) and a 2.32-fold increase in tumors compared with normal mucosa from SCCHN patients (P ϭ 0.006) (data not shown). Immunohistochemistry confirmed that the epithelial cells of the tissue samples were the primary source of Stat3 protein expression (data not shown). Phosphotyrosine immunoblotting was performed to determine whether the increased Stat3 activity detected on EMSA was associated with elevated tyrosine phosphorylation. These results demonstrated increased phosphorylated Stat3 in both tumors (P ϭ 0.002) and normal mucosa samples from SCCHN patients (P Ͻ 0.001) compared with normal mucosa from control patients (Fig. 3A) .
To investigate the expression of activated Stat3 in the condemned mucosa from SCCHN patients, we stained representative tissues with a phosphospecific Stat3 antibody. Immunohistochemistry demonstrated that phosphorylated Stat3 was restricted to the basal epithelial cells in normal mucosa from patients without cancer. In contrast, phosphorylated Stat3 was present throughout the epithelium in normal mucosa from cancer patients and was overexpressed in tumors ( Fig. 3 B-D) . The detection of increased Stat3 activation and elevated Stat3 tyrosine phosphorylation in the condemned mucosa of SCCHN patients suggests that up-regulation of Stat3 activity represents a relatively early alteration in SCCHN carcinogenesis, followed by up-regulation of Stat3 protein expression. hematopoietic cells (25, 34) . SCCHN cell lines stably transfected with either of two dominant negative Stat3 mutant constructs [3F, where tyrosine 705 in Stat3 is replaced by phenylalanine; 3D, where mutations were inserted at positions important for DNA binding (glutamic acid 434 and glutamic acid 435 were replaced with alanines)] and subjected to serum deprivation for 24 h followed by flow cytometry demonstrated a 4-to 5-fold increase in the number of apoptotic cells (data not shown). To determine whether downmodulation of Stat3 by using Stat3 antisense gene therapy induced apoptosis in human tumors in vivo, SCCHN xenografts were harvested from each treatment group when the mice were killed (10 mice͞group) and were stained for DNA fragmentation (ApopTag). In situ hSIE binding demonstrated decreased Stat3 activity in antisense-treated tumors corresponding to an increase in apoptosis (Fig. 5A) . Cumulative results demonstrated a 2-fold elevation in the rate of apoptosis in the tumors treated with the Stat3 antisense construct plus liposomes compared with tumors treated with the corresponding sense construct plus liposomes (P ϭ 0.006) or liposomes alone (P Ͻ 0.001); Fig. 5B ).
Stat3 has been shown to regulate transcription from the bcl-x gene promoter (25) . To determine whether Stat3-mediated regulation of apoptosis was associated with modulation of the apoptotic regulatory protein, Bcl-x L , tumors treated with Stat3 antisense DNA plus liposomes were harvested and analyzed for Bcl-x L expression using immunoblotting. As demonstrated in Fig. 5C , Stat3 antisense gene therapy resulted in decreased Bcl-x L expression compared with treatment with Stat3 sense DNA plus liposomes or liposomes alone. Immunoblotting of the same extracts using antisera to Bax demonstrated no modulation of these apoptotic regulatory proteins after Stat3 antisense gene therapy (Fig. 5C ). These results suggest that the apoptotic effects of targeting Stat3 in vivo are mediated, in part, by downmodulation of the anti-apoptotic protein, Bcl-x L .
Discussion
This study provides evidence that both normal mucosa and tumors from head and neck cancer patients, unlike normal squamous epithelium from patients without cancer, demonstrate constitutive overexpression and activation of the EGFR signaling protein, Stat3. Furthermore, targeting Stat3 in vivo by using an antisense gene therapy approach induces apoptosis. These results suggest that constitutive activation of Stat3 represents an early event in head and neck carcinogenesis and that EGFR-mediated Stat3 signaling is a critical pathway for tumor progression and apoptotic dysregulation. Several reports indicate that human tumors and tumor-derived cell lines contain constitutively active STAT proteins, most commonly Stat3 (18, 35) . Although cytokine or growth factor-dependent activation of STATs is frequently associated with differentiation, constitutive activation is generally characterized by a loss of growth control (36) (37) (38) .
We have previously demonstrated that head and neck cancers produce TGF-␣, which stimulates EGFRs (either on the cell surface or in the cytoplasm) expressed by the cancer cell, thus establishing an autocrine growth pathway (4). The biological importance of this pathway is underscored by our finding that the level of EGFR (or TGF-␣) protein expressed in the primary head and neck tumor is a significant predictor of decreased survival, independent of known clinical and pathologic parameters, including regional lymph node metastases (39) . Cancer therapies that incorporate EGFR targeting strategies show increasing promise in preliminary reports of phase I clinical trials. Elucidation of the critical downstream EGFR signaling pathways would greatly improve prevention and treatment efforts based on targeting this growth factor receptor. The precise mechanisms by which growth factor-induced cell surface signals are transmitted to the nucleus and ultimately result in cell division are only partially understood. The EGFR contains a cytoplasmic domain with intrinsic protein tyrosine kinase activity. In response to ligand(s), EGFRs dimerize and become phosphorylated on multiple tyrosine residues. These phosphotyrosines, in turn, allow the activated receptor to associate with other signaling proteins. Several potential EGFR signaling pathways have been described, including Ras͞MAP kinase, phosphotidylinositol-3-kinase, phospholipase C, and STATs (40) (41) (42) . Interaction between many signaling proteins and activated receptor occurs through specific recognition of receptor phosphotyrosine residues by conserved src-homology 2 domains in the cytoplasmic signaling protein. STATs serve the dual function of signal transducers and activators of transcription in cells exposed to polypeptide growth factors. Although initially characterized for their role in activating interferon-responsive genes, they have been subsequently shown to be activated in response to many cytokines and growth factors, including TGF-␣ (43, 44) . We previously reported that constitutive activation of Stat3 is linked to both production of TGF-␣ and expression of EGFR in SCCHN cells in vitro (26) . In this study, we extend these observations to an in vivo model of head and neck cancer and demonstrate that constitutive Stat3 activation is associated with EGFR autocrine stimulation of human squamous cell carcinomas.
Increasing evidence supports the critical role of Stat3 in transformation and tumor progression. Constitutive Stat3 activation has been described in cells transformed by diverse oncoproteins (18) . Stat3 activation is essential for transformation of fibroblasts induced by v-Src in which Src kinase induced Stat3-mediated gene regulation (21) . In these studies, dominantnegative Stat3 suppressed Src-mediated transformation but had no effect on ras-induced transformation (20, 21) . Experiments demonstrating that constitutively activated Stat3 drives transcription and transforms cells independently of a tyrosine kinase oncogene were recently reported (45) . Our finding of increased Stat3 in the histologically normal mucosa from patients with head and neck cancer suggests that activation of this oncogene may be an early event in squamous epithelial carcinogenesis.
The downstream events from constitutively active Stat3 are incompletely understood. Tumor progression could be facilitated by activation of genes that stimulate proliferation and͞or block apoptosis. Cyclin D1 mRNA is reportedly increased in cells transformed by Stat3 because of activated gene transcription (45) . Stat3 appears to serve an anti-apoptotic function in both normal and transformed cells. Deletion of Stat3 results in very early embryonic lethality, possible because of apoptosis of critical myeloid precursors (46) . T-cell proliferation is facilitated by Stat3 activation, which prevents apoptosis independently of Bcl-2 (37). Abrogation of Stat3 has been shown to induce apoptosis in a murine melanoma model (47) . Evidence is accumulating to suggest that Stat3 mediation of apoptosis inhibition may be caused by regulation of apoptotic regulatory proteins. Stat3 regulates transcription from the bcl-x promoter (25) , and cells transformed by constitutively active Stat3 have elevated levels of Bcl-x L mRNA (45) . Our findings of increased tumor apoptosis associated with decreased Bcl-x L protein expression after intratumoral injection of a Stat3 antisense expression construct support an interaction between Stat3 and bcl-x gene expression that regulates apoptosis.
Although several potential EGFR signaling pathways have been described, strategies that interfere with individual signaling molecules have not resulted in inhibition of cell growth. Because of its intrinsic tyrosine kinase activity, EGF receptors can directly induce STAT phosphorylation. Transformed squamous epithelial cells overexpress EGFR and its ligand, TGF-␣, which results in autocrine growth in vitro and in vivo (5, 10, 30, 48) . We previously reported that Stat3 is constitutively activated in SCCHN cells in vitro as a result of TGF-␣͞EGFR autocrine stimulation and that targeting Stat3, by using several strategies, reduced proliferation of SCCHN cells (26) . The detection of increased Stat3 in SCCHN tumors that is abrogated by EGFR antisense gene therapy suggests that Stat3 may be a critical component of EGFR autocrine signaling in vivo and may serve as a therapeutic target. Our finding of elevated Stat3 expression͞activation levels in normal mucosa, which is at high risk for cancer formation, further pinpoints Stat3 activation before phenotypic transformation. The development of strategies that target Stat3 could therefore improve efforts to prevent this malignancy.
